An electro-conjugate fluid (ECF) is a kind of functional fluid, which produces a jet flow (ECF jet) when subjected to high DC voltage. This study introduces the ECF jet to develop a novel inchworm like in-pipe mobile robot which mainly consists of two clamping units (a clamping actuator, an ECF jet generator and an ECF tank) and a propelling unit (a propelling actuator, an ECF jet generator and an ECF tank). First, we characterize the actuators composed of a silicone rubber tube and aramid fibers. Next, we characterize the ECF jet generator which could be a micro fluid pressure source of the actuator, and confirm the effect of the number of electrode pairs on its performance. Finally we develop the ECF in-pipe mobile robot and demonstrate that the robot can move in a 14 mm acrylic pipe with 0.043 mm/s. The robot is 200mm long with the diameter of 10mm.
INTRODUCTION
It has been required for robots to contribute to inspection and repair of industrial plants including nuclear facilities, because the modern facilities are composed of innumerable narrow pipes, which are difficult to be manually inspected. Therefore, development of an in-pipe mobile robot which works in a small space is required. Hence several types of in-pipe mobile robots using micro motors, shape memory alloys, piezoelectric actuators etc. have been developed [1] - [6] . In addition, an in-pipe mobile robot driven by pneumatic soft actuators is also actively developed because of its advantages as flexibility, compactness and high generative force [7] - [9] . The pneumatic soft actuator such as McKibben artificial muscle [9] [10] is mainly consists of a rubber tube covered with a fiber sleeve, a pneumatic power source, and a valve. The rubber tube configuration, control method and applications of the pneumatic soft actuators have widely been investigated so far, however, the essential problem with pneumatic actuators is the requirement for bulky power sources apart from the actuator itself. Furthermore, it requires pneumatic lines to supply air pressure to each actuator. Therefore the entire system must be large. On the other hand, there is an attractive functional fluid or an electro-conjugate fluid (ECF). The ECF is a kind of dielectric fluid, which generates a powerful jet flow when subjected to high DC voltage. The ECF could be an appropriate fluid power source for downsizing and lightening an in-pipe mobile robot, because ECF jet becomes more powerful as the electrode pair becomes more compact (the power density increases as the size decreases), and configuration of the electrode pair is quite simple [11] . Furthermore, using the ECF jet pressure together with flexible balloon actuators enables an actuator to have constructive flexibility.
Hence, the purpose of this study is to develop a novel inchworm like in-pipe mobile robot using electro-conjugate fluid.
ELECTRO-CONJUGATE FLUID
The electro-conjugate fluid is a dielectric fluid, which works here as a smart/functional fluid. Applying a high voltage of several kilovolts between electrodes inserted into the fluid with an interelectrode gap of several hundred micrometers, we can observe a powerful jet flow (an ECF jet) between the electrodes as shown in Fig. 1 , and this phenomenon observed with the electro-conjugate fluid is called an ECF effect in particular [11] . Although a high voltage is required to generate the jet flow, the current is quite low at several microamperes. The ECF jet may be observed especially under a non-uniform electric field produced, for example, by a needle-ring electrode pair as shown in Fig. 1 . Although the mechanism of ECF effect has yet to be fully clarified [12] [13], dielectric fluids plotted by white circles in Fig. 2 show the jet flow [14] . As can be seen from the figure, the dielectric fluids showing the ECF effect are obviously within a particular triangular region on the conductivity vs. viscosity plot. This means that plotted in this triangle is a necessary condition for fluids to show the ECF effect. Fig.3 shows a conceptual view of the in-pipe mobile robot, composed of ECF jet generators, two clamping units, and a propelling unit. The following sections detail each component of the in-pipe mobile robot. Fig.4 (a) shows the clamping unit composed of the ECF jet generator, a clamping actuator, and an ECF tank. Each component is connected in alignment. Inside of the unit is filled with ECF. The ECF jet generator has a needle-ring electrode pair. The clamping actuator is composed of a silicone rubber tube and aramid fibers. The tube of the clamping actuator is reinforced with fibers along its axis. The actuator contracts and expands as the inner pressure increases due to an expansive force caused by the pressure increase and restrains by the fibers. Consequently, when high voltage is applied to the ECF jet generator, the ECF moves from the tank to the actuator by the ECF jet, resulting in making the actuator contract in the axial direction and expand in the radial direction as shown in Fig.4 (b) . Fig.5 (a) shows the propelling unit composed of the ECF jet generator, a propelling actuator, and an ECF tank. Inside of the unit is filled with ECF. The tank and the actuator compose a bicylindrical structure, and the ECF jet generator is located at the end of the actuator. Namely, the actuator and the ECF jet generator are located inside the tank. The propelling actuator is composed of a silicone rubber tube and aramid fibers. The tube of the propelling actuator is reinforced with fibers on its circumferential surface. The actuator extends as the inner pressure increases due to an expansive force due to the pressure increase and restrains by the fibers. Consequently, when a high voltage is applied to the ECF jet generator, the ECF moves from the tank to the actuator by the ECF jet, resulting in making the actuator extend in the axial direction as shown in Fig.5 (b) . Note that the operating principle of the propelling unit is quite similar to that of the clamping unit, however, the motion is different.
CONCEPT

Configuration and operating principle of the units 1) Clamping unit
2) Propelling unit
Operating principle of the in-pipe mobile robot
It may be possible for the robot to move by pressurizing each actuator using ECF jet when following steps (a)-(d), corresponding to these in Hence, by appropriately switching the electrical input pattern as time step goes, the pressurized actuator is switched step by step, resulting in making the in-pipe robot move forward. There are several similar in-pipe mobile robots using pneumatic pressure [8] [9] , however, the proposed robot differs from these robots in the following points. First, the working fluid is completely enclosed in the robot itself. Second, the actuator and the pressure sources are integrated. Finally, the configuration is quite simple in comparison with the pneumatic robots, which require bulky compressors/valves outside. Hence, we believe that the proposed robot has advantages for integration, downsizing and lightening. Furthermore it is believed that the configuration of the robot is quite simple so that the robot overcomes the difficulty of spaghetti cord problems of other robot.
ACTUATORS
Clamping actuator
Fig .7 shows the actual view of the clamping actuator. Fig. 7 (a) shows a basic configuration and Fig. 7 (b) shows its actual view when it contracts and expands due to pressurization with 10.0 kPa using a pneumatic syringe. The actuator is composed of a silicone rubber tube reinforced with eight aramid fibers on its axis with equal spacing. The length and the inside diameter of the actuator are 15 mm and 10 mm, respectively. The thickness of the tube is approximately 0.1 mm.
In order to confirm the basic characteristic of the clamping actuator, we measured the inner pressure versus radial expansion rate and volume increase rate of the actuator. However, the radial expansion rate means the ratio of radial expansion against the initial diameter of the actuator, and the volume increase rate means the ratio of the volume increase against the initial volume of the actuator. The results are shown in Fig.8 . Note that, the inner pressure was increased using a pneumatic syringe. We confirmed the radial expansion rate and the volume increase rate increase as the inner pressure of actuator increases as can be seen in Fig. 8 . The maximum radial expansion rate and the maximum volume increase rate are 97.2 % and 232.4 %, respectively, when pressurized with 10 kPa. This means the maximum radial expansion and the maximum volume increase are 9.4 mm and 2.7 ml, respectively. Fig.9 shows the actual view of the propelling actuator. Fig. 9 (a) shows a basic configuration and Fig. 9 (b) shows its actual view when it extends due to pressurization with 60.0 kPa using a pneumatic syringe. The actuator is composed of a silicone rubber tube reinforced with eleven aramid fibers on its circumferential surface. The length and the inside diameter of the actuator are 20 mm and 5.0 mm, respectively. The thickness of the tube is approximately 0.1 mm. The distance between each fiber is 2.0 mm.
Propelling actuator
In order to confirm the basic characteristic of the propelling actuator, we measured the inner pressure versus axial extension rate and volume increase rate of the actuator. However, the axial extension rate means the ratio of axial extension against the initial length of the actuator. The results are shown in Fig.10 . Note that, the inner pressure was again applied using a pneumatic syringe. We confirmed the axial extension rate and the volume increase rate increase as the inner pressure of the actuator increases as can been seen in Fig. 10 . The maximum axial extension rate and the maximum volume increase rate are 81.4 % and 140.6 %, respectively, when pressurized with 60 kPa. This means the maximum axial extension and the maximum volume increase are 17.1 mm and 0.6 ml, respectively.
ECF JET GENERATOR
Configuration
The ECF jet generator could be a micro fluid pressure source of the actuator. There can be several types of electrode pairs which may generate the ECF jet, for example, a bar-shaped electrodes pair, a ring and needle electrode pair etc. In this study, we adopted the pair of ring and needle electrodes because this pair can easily be located in a channel and generates relatively high pressure [11] . Fig. 11 shows the schematic illustration of the ECF jet generator we designed. It is mainly composed of a needle-ring electrode pair, an electrode spacer, a frame, and covers. The electrode pair is of a brass ring, a tungsten needle, and a needle mount made of brass. The other parts are made of engineering plastic. The spacer keeps a gap of the electrode pair to an appropriate distance. The electrode pair and the spacer which are inserted into the frame are fixed by covers. The ECF jet is generated from the tip of needle through the ring bore when a high DC voltage is applied as shown in Fig.11 (b) .
Experiment
We investigated the pressure and the flow rate characteristics with five types of electrode pairs shown in Fig. 12 . Note that the electrode pairs B-E have several needle-bore pairs in parallel. Diameter of needle electrode, bore diameter of ring electrode and electrode gap are 0.13mm, 0.3mm, and 0.2mm, respectively. The experimental results are shown in Fig. 13 and Fig. 14 . We used the ECF called FF-101EHA2 (New Technology Management Co. Ltd., Japan) as a working fluid. The physical properties of FF-101EHA2 are shown in Table I . Fig. 13 shows the generated pressure of each electrode has little difference, possibly showing a slight decrease as the number of electrode pairs (needle-bore pairs) increases. We attribute this to the following reason. The maximum pressure may depend on the lowest pressure generated by a certain pair of needle and bore, that is, there must be some difference between pressures generated by each pair of needle and bore due to the manually assembling error. On the other hand, Fig. 14 shows that the flow rate obviously increases as the number of the ring-bore pairs increases. approximately proportional to the number of needle-bore pair except the case with the electrode pair D. The flow rate with the electrode pair D is approximately three times higher than that with the electrode pair A, despite the electrode pair D has four ring-bore pairs in parallel. This may be because of the influence of the location of needle-bore pairs. Namely, the ECF jet generated by the ring-bore pair located at the center does not work adequately. Consequently, the flow rate with the electrode pair D is almost the same as that with the electrode pair C. The maximum flow rate, 103.0 ml/min, was measured with the electrode pair E with the applied voltage of 6.0 kV. As mentioned above we indicated the characteristics of the ECF jet generator, and it can be seen that the pressure generated by the ECF jet generator is large enough to drive the clamping actuator in Fig.8 and Fig.13 . However, the pressure by the ECF jet generator is not large enough to drive the propelling actuator because the propelling actuator requires approximately 60 kPa to drive as shown in Fig. 10 . Hence, we confirmed the characteristics of the ECF jet generators when arranged in series because it is theoretically clear that pressure may double by arranging two pressure sources (ECF jet generator) in series. The experimental results are shown in Fig. 15 and Fig. 16 . Note that we use the Electrode pair B which has relatively high flow rate characteristics and simple configuration among five types of electrode pairs investigated in this study (cf. Fig. 12 and Fig. 14) because the propelling actuator does not require the large volume increase compared to the clamping actuator (cf. Fig.8 and Fig.10 ). In this experiment we used two ECF jet generators in total ("Jet A" and "Jet B"), and we arranged "Jet B" at the upstream of "Jet A". A distance between the rear end of needle electrode of "Jet A" and the ring electrode of "Jet B" is 1.4 mm. Owing to this arrangement, ECF jet may possibly be generated to unwanted direction (from "Jet A" to "Jet B"); therefore we coated the rear end of needle electrode with an insulator. Fig. 15 and Fig. 16 show that the characteristics of two ECF jet generators are nearly equal. Fig. 15 also shows that the generated pressure doubles by arranging two ECF jet generators in series. The maximum pressure was 60.5 kPa with the applied voltage of 6.0 kV. This means the pressure generated by two ECF jet generators arranged in series is large enough to drive the propelling actuator. On the other hand, Fig. 16 shows that the flow rate slightly decreased by arranging two ECF jet generators in series. Hence we determined that we use the electrode pair E to 
DRIVING EXPERIMENT USING ECF JET
Actuators
In order to measure basic performances of the actuators, we constructed an experimental setup shown in Fig. 17(a) and Fig. 18(a) . The main purpose of this experiment is to confirm the characteristics of the actuators when driven by ECF jet, so that the actuators, the ECF jet generator and the ECF tank are arranged separately, and they are connected with rubber tubes. Inside of the actuator, ECF jet generator, and rubber tube are filled with the ECF. Fig. 17(b) and Fig. 18(b) shows an actual view of the motion of the actuators when a high voltage was applied to the ECF jet generator. However, the initial state is shown in Fig. 17(a) and Fig. 18(a) . We measured the radial expansion rate of the clamping actuator and the axial extension rate of the propelling actuator with every 0.2 s in order to confirm step response of the actuators. The experimental results are shown in Fig. 19 and Fig. 20 . It can be seen that the maximum radial expansion rate of the clamping actuator is 88.3 % when the applied voltage to the ECF jet generator is 3.7 kV as in Fig.19 . It is also confirmed the rise time of the clamping actuator with 3.7 kV step input is 3.5 s as can be seen in Fig. 19 . On the other hand, it can be seen that the maximum axial extension rate of the propelling actuator is 81.8 % when the applied voltage to the ECF jet generator is 6.0 kV as in Fig.20 . It is also confirmed the rise time of the propelling actuator with 6.0 kV step input is 2.4 s as can be seen in Fig. 20 . From this experiment, we confirmed that the actuator could be driven by the ECF jet as we proposed.
Units
The clamping unit and the propelling unit we developed are shown in Fig.21 (a) and Fig.22 (a) . Each unit is composed of the actuator, the ECF jet generator, and the ECF tank. Inside of the unit is filled with ECF. The ECF tank is made of silicone rubber tube. The thickness of the ECF tank is approximately 0.1 mm. The basic driving performance of each unit is confirmed by experiments. The experimental results are shown in Fig. 21 (b) , Fig. 22 (b), Fig. 23, and Fig. 24 , respectively indicating the motion of the clamping unit, the motion of the propelling unit, the step response of the clamping unit, and the step response of the propelling unit. From this experiment, we confirmed that each unit could be driven by the ECF jet as we proposed. Fig. 25 shows an ECF in-pipe mobile robot we developed. The in-pipe mobile robot is composed of the clamping units and the propelling unit as shown in Fig.25 . The in-pipe mobile robot is 200mm long with the diameter of 10mm.
ECF IN-PIPE MOBILE ROBOT
Configuration
Experiment
Characteristics of the in-pipe mobile robot were confirmed by experiment in a 14 mm acrylic pipe. In the experiment, we applied the voltage of 3.7 kV to the ECF jet generator for the clamping units and 6.0kV to the ECF jet generator for the propelling unit. Fig. 26 shows a photocopy of a motion of the robot. The symbols (a)-(d) in Fig.26 correspond to the symbols (a)-(d) in Fig.6 which shows the designed operation. As shown in Fig.26 , we demonstrated that the robot could move in the 14 mm acrylic pipe as we proposed. The experimental results confirm the robot moves in the 14 mm acrylic pipe with 0.043 mm/s. Note that, we appropriately switched the electrical input pattern manually, since the main purpose of this experiment is to confirm the operating principle. However it may be required for the robot to move much faster. The moving velocity of the robot can be faster by improving the response of the actuators and the axial extension rate of the propelling actuator. The response can be improved by placing several electrode pairs in parallel in order to increase the flow rate of the ECF jet as we tested in Sec. 5.2. The axial extension rate of the propelling actuator can be improved by increasing the generated force of the propelling actuator. The force to extend the actuator itself is also used to extend the ECF tank in our prototype. So the axial extension rate of the propelling unit (Fig. 24 ) decreases compared to that of the propelling actuator itself (Fig.10) . Furthermore, when the in-pipe mobile robot moves, the force to extend the propelling actuator is also used to move the clamping actuator forward. The force of the propelling actuator can improved by placing several electrode pairs in series in order to increase the generated pressure of the ECF jet as we tested in Sec. 5.2. Note that, the electrode pair required is extremely compact compared with the actuator itself.
CONCLUSIONS
This study proposed a novel inchworm like in-pipe mobile robot using the ECF. First, we proposed the concept of the in-pipe mobile robot. Second, we investigated the characteristics of the clamping actuator, propelling actuator, and the ECF jet generator, which are the essential components of the proposed robot. Third, we developed the clamping unit and the propelling unit, and confirmed our concept is reasonable. Finally, we developed the ECF in-pipe mobile robot and demonstrated that the robot can move in a 14 mm acrylic pipe with 0.043 mm/s. Our future study focuses on the improvement of configuration of the actuator, the unit, and the ECF jet generator, and controlling the ECF in-pipe mobile robot.
